Topic collections

I
n the past decade, many studies have reported an association between air pollution and daily deaths resulting from either respiratory or cardiovascular causes. 1 In particular, exposure to fine particulate air pollution was found to be associated with increased cardiopulmonary deaths. 2 3 Although the mechanisms responsible for this association remain unclear, it is commonly explained by alteration in the autonomic nervous system, change in blood coagulability or inflammation. As a result of the observations that exposure to fine particulate air pollutants (,2.5 mm in diameter, PM 2.5 ) is associated with an altered autonomic balance, it might be reasonable to expect that air pollution exposure can affect blood pressure by stimulating sympathetic activation. [4] [5] [6] In the population-based study by Ibald-Mulli et al, 7 an increase in systolic blood pressure was associated with exposure to total suspended particulates and sulphur dioxide (SO 2 ). 7 However, de Paula Santos et al 8 have reported that particulate matter (,10 mm in diameter, PM 10 ) and nitrogen dioxide (NO 2 ) concentrations had no significant effect on blood pressure, but concentrations of SO 2 were associated with both systolic and diastolic blood pressure. Many other studies have been performed with a variety of subjects or study designs, but the results on the association between air-pollutant concentrations and blood pressure have been inconsistent. [9] [10] [11] [12] It has been shown that the chemical characteristics of the particulate air pollutants change throughout the year. 13 Therefore, exposure to particulate air pollutants can affect the short-term health effects of air pollution differently in different seasons. On the other hand, gaseous air pollutants do not change in quality according to season, possibly giving a robust effect on blood pressure regardless of season.
Therefore, we conducted this study to investigate the effects of particulate and gaseous air pollutants on measures of blood pressure and evaluated the seasonal change of the effects of air pollution.
METHODS
Study participants, weather and air pollution data
The subjects were participants at Inha University Hospital (Incheon, South Korea) health examination, from 2001 to 2003. Because of the possible influence of pre-existing circulatory disease, those who had a medical history of hypertension or other cardiovascular disease were excluded from the study, and all the evaluated individuals were residents of the city. In all, 10 459 (6715 males and 3744 females) individuals participated in the study during three warmweather seasons (July-September 2001-2003) and three coldweather seasons (October-December 2001 -2003 . The information obtained included age, sex, smoking habits and alcohol consumption. In addition, weight and height were measured at the time of the examination. Blood pressure measurements were recorded by nurses from both arms in a sitting position after at least a 5 min resting period using a fully automated electronic device (BP-203RVII, Colin Corporation, Tokyo, Japan) and the mean values from both measurements were recorded. The blood pressure measurements and other health examinations were performed in the morning from 9:00 to 12:00. Automated instruments for measuring blood pressure are known to reduce observer error, ensuring that recorded data are accurate. 14 We also collected data on serum total cholesterol and fasting blood sugar.
The city of Incheon is the third largest city in Korea and located on the western side of the country, with the sea to the west and metropolitan Seoul to the east. It has a four-season climate and low-level temperature inversions are common during the winter months. Data on air pollutants (PM 10 
Statistical analysis
The associations of personal characteristics and blood pressure were assessed using the t test and analysis of variance. To evaluate the relationship between exposure to air pollutants and blood pressure with respect to season, we performed a regression analysis separately according to season controlling for age, sex, body mass index, total cholesterol, fasting blood sugar, smoking habits and alcohol consumption in addition to meteorological variables such as temperature, relative humidity and barometric pressure. Air pollutants may affect blood pressure with a time lag and the appropriate average time for exposure may exceed 24 h. Therefore, exposures from the same day to the 3 days before (lag0, lag1, lag2 and lag3) were examined. The 24 h averages of weather variables subject to corresponding lag days were also used in the statistical models. All tests of statistical significance were two-sided and p,0.01 was considered significant. Statistical analyses were conducted using the SAS V.8.02.
RESULTS
The subjects included 6715 males and 3744 females with a mean (SD) age of 43.08 (12. 3) years, mean (SD) height 165.3 (8.7) cm and mean (SD) weight 64.4 (11.1) kg (table 1) . Age, sex, height, weight, cholesterol, glucose, smoking and alcohol consumption were found to be significantly associated with blood pressure (p,0.01). Table 2 shows the air-pollutant concentrations and weather conditions for each season. The 24 h average (SD) concentrations of PM 10 In the warm-weather season, PM 10 concentrations were significantly associated with systolic blood pressure of lag0-lag2 days and diastolic blood pressure of lag0 and lag1 days (p,0.01). Considering the distribution of lag effects of PM 10 exposure in the adjusted model, we found that the 1-day-lag model was the most appropriate for evaluating the air pollution effect on blood pressure. Concentrations of NO 2 were also significantly associated with blood pressure of lag1 day. For the cold-weather season, the pollutants were associated with blood pressure differently. Systolic blood pressure was significantly associated with concentrations of SO 2 1 day before. In addition, systolic blood pressure of lag0 and lag2 was significantly associated with O 3 concentrations (table 4) . However, the significant association between PM 10 or NO 2 concentrations and blood pressure disappeared during the coldweather season. When we evaluated the interactive effect between season and air pollutants, we found that PM 10 , NO 2 and O 3 were significantly interactive with season for the effect on blood pressure whereas there was no significant interaction between SO 2 and season. Figures 1 and 2 show the pollutant effect on blood pressure of lag1 day by an increase of 10 mg/m 3 or ppb for PM 10 , NO 2 and O 3 and an increase of 1 ppb for SO 2 according to season. Outdoor temperature was not significantly associated with blood pressure in the cold-weather season.
DISCUSSION
We found that air pollution was associated with blood pressure. In the warm-weather season, PM 10 and NO 2 concentrations were significantly associated with measures of blood pressure. During cold weather, blood pressure was significantly associated with SO 2 and O 3 . Particularly, PM 10 concentrations were consistently associated with blood pressure of lag0-lag2 days in the warmweather season. Therefore, it might be postulated that the PM 10 is the pollutant most responsible for the persistent effect on blood pressure in the warm weather. Exposure to an increase of 100 mg/ m 3 of PM 10 is predicted to increase 7.0 mm Hg systolic and 2.0 mm Hg diastolic blood pressure of lag1 day.
We found that NO 2 concentrations were significantly associated with systolic blood pressure of lag0-lag1 days during the warm-weather seasons. Even though there is not enough evidence to support this association such as increased resting heart rate or cardiovascular disease risk in response to elevated NO 2 concentrations, other reported findings also suggest that NO 2 may have a significant role in elevating blood pressure. 15 16 In the case of SO 2 , an observed effect on increase in blood pressure was noted in our study and the same result was reported in the study by de Paula Santos et al. 8 Ibald-Mulli et al 7 also found a positive association between SO 2 concentration and systolic blood pressure. However, there have been studies on animal exposure to SO 2 , showing the opposite effect the rats exposed to SO 2 had decreased blood pressure in a dosedependent manner. 17 18 The explanation for these contradictory results between the animal model and human population is unclear. However, the exposure concentrations of SO 2 in the animal experiments were 10-50 ppm, which is not comparable to the ambient concentrations of SO 2 . We found a significant association between O 3 and blood pressure in the cold-weather season. Ozone is a highly reactive gas, but cellular responses to O 3 may not be the result of direct reaction of O 3 with cell-surface components. They are mediated through a cascade of secondary, free-radical-derived ozonation products. 19 Thus, it is possible that O 3 could promote systemic oxidative stress through activation of lung macrophages or alveolar cells by interaction with the cell membranes. 20 There is little information available on the underlying biological mechanisms that might explain the change of blood pressure in association with air pollutants. A study on the acute effect of inhaled urban air-pollution particles in the rat showed increased plasma levels of endothelin-1, which is thought to have an active role in the maintenance of basal systemic vascular tone. 21 In the animal model, injection of endothelin-1 leads to dose-related increases in sympathetic nerve activity, therefore alteration in the central endothelin-1 system could result in blood pressure elevation. 22 However, these studies have been performed in animal models and therefore, the mechanisms require confirmation in the human population.
In a controlled experimental design, Urch et al 6 found evidence that air pollution actually has a causal role in elevating blood pressure. In a study on healthy adults, Brook et al 23 showed that inhalation of PM 2.5 and O 3 causes acute arterial vasoconstriction. A potential biological mechanism for vasoconstriction was suggested to include a reflex increase in the sympathetic nervous system activity. Oxidative stress and subsequent systemic inflammation caused by air pollution is also suggested as a possible mechanism for many cardiovascular diseases including hypertension. 24 PM 2.5 inhalation has been shown to induce systemic inflammation, which is possibly related to the free radical activity of components in particulate matter. 25 Cytokines have been reported to be involved in the systemic inflammatory response induced by exposure to particulate matter air pollutants. 26 In this study, PM 10 -induced increases in blood pressure were observed in the warm-weather season whereas no significant effect was found in the cold-weather season. The seasonal variation may be explained by the fact that particles from different seasons have different toxicity profiles due to the different composition, concentrations and dimensions of the particles. 27 We also found that gaseous air pollutants affected blood pressure differently according to the season. In particular, NO 2 showed the same pattern of seasonal change with PM 10 for the effect, indicating that NO 2 possibly represents toxic chemicals shared with particulate pollutants. SO 2 and O 3 showed a relatively smaller change of effect between seasons, even though their effects on blood pressure were more apparent in the cold weather.
Our results are subject to the following limitations. First, we used environmental monitoring data for the exposure of each individual to air pollution. Therefore, measurement errors resulting from differences between actual exposure and ambient levels cannot be avoided. However, this error is more likely to cause a bias towards the null and underestimate the pollution effects. Second, there is also a possibility of error in the blood pressure measurement because we used the data measured once from both arms by an automated electronic device. The possible misclassification of blood pressure could cause an underestimation of the pollutant effect if the measurement error occurred non-differentially. Third, the cross-sectional design of this study makes causal inference limited. We can only infer that an individual sampled on a higher-pollution day tends to have a higher blood pressure than an individual sampled on a lower-pollution day. Despite these limitations, this study has several strengths. We controlled many potential confounding factors such as body mass index, total cholesterol, fasting glucose, smoking and alcohol consumption in the statistical model. In addition, our findings were based on blood pressure measurements for a large number of subjects. Therefore, our findings strongly support the evidence that air pollution is associated with an increase in blood pressure. Even though a relatively small increase in blood pressure was found during the daily change in level of air pollution, this increase in blood pressure could increase the risk of cardiovascular diseases and strokes in susceptible individuals. In addition, the mean increase in blood pressure could indicate that a susceptible subgroup might actually experience a much greater effect because susceptibility to air pollution differs within the population. 28 In conclusion, our study showed the association between ambient air-pollutant concentrations and blood pressure. PM 10 and NO 2 concentrations were significantly associated with blood pressure in the warm season whereas SO 2 and O 3 were more likely associated with blood pressure in the cold season. As we increase our understanding that the exposure to air pollution leads to elevated blood pressure, which causes an increase in risk for a cardiovascular event or stroke, it will be necessary to keep air pollution level as low as possible for prevention of blood pressure-related diseases. 
